IN MANY INFLAMMATORY LUNG DISEASES, neutrophils emigrate from the pulmonary microvasculature and across the epithelium into the airspaces (67) . This acute inflammatory response is associated with injury to the lung epithelium characterized by increased permeability (21, 22) . The initial period of injury is followed by a repair phase in which an anatomically and functionally intact epithelium is restored through a complex process involving spreading, proliferation, and differentiation of epithelial cells (re-epithelialization) (13) . Epithelial repair is an important determinant of the pathogenesis and resolution of diverse inflammatory lung diseases, including acute lung injury (ALI), chronic obstructive pulmonary disease (COPD), and asthma (13, 68) .
We have previously reported that ␤-catenin signaling is activated in the lung epithelium in response to neutrophil transmigration and plays a critical role in epithelial repair after inflammatory injury (72) , and other reports corroborate this finding (17, 64, 75) . In canonical Wnt/␤-catenin signaling, ␤-catenin translocates to the nucleus and binds to the T cell factor (TCF)/lymphoid enhancer factor (LEF) family of transcription factors, enhancing expression of specific target genes, many of which are involved in cell proliferation; hence, ␤-catenin signaling has been implicated in development, tumorigenesis, and tissue repair (12, 52) . Proteinase-mediated cleavage of E-cadherin may result in release of ␤-catenin from the adherens junctions, leading to an increase in nuclear ␤-catenin and transcription of ␤-catenin-dependent genes (28, 47, 48) , and the activation of ␤-catenin signaling in response to neutrophil migration may depend on neutrophil elastase (72) . The particular pattern of gene expression induced by ␤-catenin depends on the recruitment of specific transcriptional coactivators, including p300 or cAMP response element-binding protein (CBP), to the ␤-catenin/TCF complex (49, 61) . Importantly, inhibition of the ␤-catenin/CBP interaction promotes the binding of ␤-catenin to its alternate coactivator, p300, resulting in expression of ␤-catenin/p300-dependent target genes (49) . Our previous studies suggested that inhibition of ␤-catenin/p300 signaling delayed epithelial repair after inflammatory injury (72) .
Wnt-induced secreted protein (WISP) 1 (CCN4) and cysteine-rich 61 (Cyr61) (CCN1) are matricellular proteins of the CCN family that regulate survival, proliferation, and migration of diverse cell types and thus play a role in wound repair, angiogenesis, and tumorigenesis (6, 33, 41) . The CCN proteins have been implicated in the pathogenesis of diverse diseases involving inflammation and tissue repair, including atherosclerosis, arthritis, fibrosis, and diabetic nephropathy and retinopathy (reviewed in Ref. 33 ). In the lung, expression of WISP1 is increased in alveolar type (AT) II cells and induces ATII cell proliferation and epithelial-mesenchymal transition (EMT) in murine models of pulmonary fibrosis (26, 38) . Additionally, Cyr61 is upregulated and promotes cell survival and proliferation of the lung epithelium after hyperoxic injury (30, 31) .
Expression of both WISP1 and Cyr61 is regulated by ␤-catenin signaling (65) .
To identify specific target genes that mediate ␤-catenin-signaling in epithelial repair after inflammatory injury, we employed ICG-001, a compound that promotes ␤-catenin/p300-dependent transcriptional events by enhancing the ␤-catenin/p300 interaction at the expense of the ␤-catenin/CBP interaction (49) . We observed that ␤-catenin/p300 signaling accelerates repair of the lung epithelium after inflammatory injury. Moreover, we demonstrated that WISP1 and Cyr61 are ␤-catenin/p300 dependent, are upregulated in response to neutrophil transmigration or neutrophil elastase, and play a role in epithelial repair. ␤-catenin/p300 signaling and the CCN proteins WISP1 and Cyr61 represent potential therapeutic targets to promote epithelial repair after inflammatory injury.
MATERIALS AND METHODS
Cell culture. Calu-3 human lung epithelial cells (American Type Culture Collection) or Calu-3 cells transduced with lentiviral vectors expressing green fluorescent protein (GFP) (Calu-3-GFP), shRNA to ␤-catenin, or a nonsilencing (control) shRNA, generated as previously described (72) , were grown in DMEM (Invitrogen) containing 44 mM NaHCO 3, 1 mM sodium pyruvate, 4 mM L-alanyl-glutamine, 90 g/ml streptomycin, 40 g/ml penicillin, and 10% FBS (Hyclone). Human small airway epithelial cells (SAEC; Lonza) were grown in small airway basal medium supplemented with small airway growth medium SingleQuots (Lonza). For transmigration experiments, 0.75 ϫ 10 6 Calu-3 cells (passages 9-25) or 0.5 ϫ 10 6 SAEC cells (passage 3) were seeded on the undersurface of 1.12 cm 2 polycarbonate membranes (3-m pore size) in Transwell inserts (Corning), coated with bovine collagen (Advanced BioMatrix) for SAEC, as previously described (55) . Cells were grown to confluence (6 -8 days) . In selected experiments, 0.25 ϫ 10 6 Calu-3 cells were seeded into 24-well plates, treated with 1 g/ml mitomycin for 3 days, trypsinized, and counted.
Neutrophil transmigration. Human neutrophils were isolated from healthy donors as previously described (25) and in accordance with an approved Institutional Review Board protocol at National Jewish Health. Neutrophils were induced to migrate across the epithelial monolayer as previously described (72) . Briefly, neutrophils were suspended (60 -120 ϫ 10 6 /ml) in modified Hanks' balanced salt solution (HBSS) without calcium or magnesium (HBSSϪϪ). Epithelial monolayers were washed twice with HBSS with calcium and magnesium (HBSSϩϩ), and 300 l of HBSSϩϩ was added to the upper chamber (corresponding to the basolateral surface of epithelial cells) followed by addition of 1 ml of 1 M N-Formyl-Met-Leu-Phe (fMLP; Sigma) to the bottom (apical) chamber. Control cells were treated with 1 M fMLP in the bottom chamber. Baseline transepithelial resistance (TER) was measured with an Evometer (World Precision Instruments). Subsequently, 6 -12 ϫ 10 6 neutrophils or buffer were added to the upper chamber, and transmigration was allowed to proceed in the physiological basolateral-to-apical direction for 90 -120 min at 37°C. The monolayers were washed three times in HBSSϩϩ and cultured in media at 37°C, 5% CO 2. In selected experiments, 1-10 M ICG-001 (15) or 0.01-0.001% DMSO, 1 g/ml recombinant human (rh)WISP (R&D Systems), 3 g/ml rhCyr61 (produced as described in Refs. 36, 71) or 3 g/ml BSA, 20 g/ml Cyr61 or control IgG antibody, or 1 g/ml cytochalasin or 1 g/ml mitomycin (as previously described in Ref. 60 ) was added to the cells immediately after or 24 h after migration. At the indicated time points, TER was measured, and fluorescent images of live cell cultures were obtained by stratified random sampling using a Zeiss Axiovert 200 microscope at ϫ2.5 magnification. With the use of NIH ImageJ software, the total cross-sectional area of the defects was measured. Experiments in which baseline TER was Ͻ1,000 ⍀-cm 2 or wounds repaired Ͼ85% by 48 h were excluded from analysis. At the indicated time points, total RNA was extracted from epithelial cells by TRIzol (Invitrogen) using the QIAcube (QIAGEN).
Preparation of epithelial cell supernatants. Following transmigration, supernatants on the apical surface of the epithelial monolayer (bottom chamber) from five wells were pooled. Protease inhibitors (1 mM PMSF, 0.5 mM benzamidine, 10 g/ml aprotinin, and 10 g/ml leupeptin) were added, and samples were centrifuged at 300 g for 5 min to remove cell debris. Cell-free supernatants were then concentrated using Amicon Ultra-4 centrifugal filters with a 10-kDa size exclusion (Millipore) by centrifugation at 7,197 g for 20 min at 4°C. Concentrated samples were boiled in Laemmli buffer.
Elastase stimulation. SAEC were grown to 80% confluence and treated with 1 mM EDTA at 37°C for 3 min followed by 0.1 U/ml human leukocyte elastase (Elastin Products) diluted in HBSSϩϩ at 37°C for 1 h. Monolayers were washed free of elastase and incubated in media for 2 h. Total RNA was extracted from epithelial cells by TRIzol (Invitrogen) using the QIAcube (QIAGEN).
Expression microarray analysis. At 4 h after transmigration, epithelial cells were separated from neutrophils using magnetic-activated cell sorting with EPCAM MicroBeads (Miltenyi), as previously described (72) . RNA from four separate experiments was pooled, reverse transcribed into cDNA, labeled, and hybridized on Agilent 44k human whole genome arrays (G4112F) as previously described (GEO GSE31697) (72) .
Scratch wound. Calu-3-GFP cells were grown to confluence, and wounds were created by scraping a cross in the monolayer with a pipette tip. ICG-001 1 M or 0.001% DMSO was added to the culture media immediately after scratch wounding. At the indicated time points, fluorescent images of the wound were obtained using a Zeiss Axiovert 200 microscope at ϫ2.5 magnification. With the use of NIH ImageJ software, the area of the wound within a 5-mm 2 area centered on the cross was measured.
Immunoblotting. Calu-3 cells (0.5 ϫ 10 6 ) were seeded in 24-well tissue culture plates and treated with 10 M ICG-001. Twenty-four hours later, the cells were lysed in buffer (25 mM Tris, 10% glycerol, 1% IGEPAL, pH 7.5) supplemented with Complete Mini Protease Inhibitor Cocktail (Roche). Epithelial cell lysates were analyzed by SDS-PAGE and immunoblotting for WISP1 (Abcam 10737), GAPDH (Abcam 8245), or E-cadherin (Chemicon, DECMA-1). Densitometry was performed using NIH ImageJ software.
Immunofluorescence. At the indicated time points after transmigration, epithelial cell monolayers were fixed in 4% paraformaldehyde in PBS (20 min, 24°C), permeabilized in 0.2% Triton X-100 in PBS (2 min, 24°C) and blocked with 5% goat serum in PBS (30 min, 24°C). Monolayers were incubated in primary antibody to active ␤-catenin (Millipore; 8E7), WISP1 (Abcam 10737), Cyr61 (Abcam 24448), or p300 (Abcam 54894 or 59240) at a 1:50 -1:100 dilution in PBS with 5% goat serum and 0.2% Triton X-100 overnight at 4°C or Alexa 594-phalloidin (Invitrogen) at a 1:40 dilution in PBS with 1% BSA (25 min, 24°C), and then incubated with an Alexa 488-or 555-or 594-conjugated secondary antibody (Invitrogen) at 1:200 for 1 h at 24°C. In the indicated experiments, epithelial monolayers were treated with 10 M 5-bromo-2-deoxyuridine (BrdU) (Sigma) and fixed in 4% paraformaldehyde with 1.5% sucrose in PBS 2 h later. Monolayers were incubated in 2 M HCl (1 h, 37°C) followed by 0.1 M sodium tetraborate, pH 8.5 (12 m, 24°C). Cells were permeabilized and blocked with 0.5% Triton and 5% donkey serum in PBS (1 h, 24°C), incubated in anti-BrdU antibody (AbD Serotec; BU1/75) at a 1:200 dilution (1 h, room temperature), and then incubated with a Cy3-conjugated anti-rat secondary antibody (Jackson ImmunoResearch Laboratories 712-166-150) at a 1:100 dilution (1 h, room temperature). Filters were mounted on slides using Vecta Shield mounting solution containing DAPI (Vector Laboratories). Images were photographed using a Zeiss Axiovert 200 or Confocal LSM 700 microscope at ϫ20 magnification. Fluorescence intensity was analyzed by random sampling of cells adjacent to and away from the wounds using NIH ImageJ software. Internuclear distances between adjacent cells at and away from the wound edge were calculated from DAPI images as previously described (5, 18) .
Murine models of ALI. All animal protocols were approved by the Animal Care and Use Committee at National Jewish Health. Mice were maintained in a pathogen-free environment on a 12-h:12-h light/dark cycle with full access to food and water. Female C57BL/6 mice, age 8 -12 wk, were treated with 20 g LPS (Escherichia coli 0111:B4; List Biological Laboratories) in 50 l saline or 50 l saline intratracheally (i.t.) and euthanized 2-8 days later. In separate experiments, C57BL/6 mice were treated with 1 g recombinant murine keratinocyte chemokine (KC) (R&D Systems) in 0.1% human serum albumin (HSA) in 50 l saline or 0.1% HSA in 50 l saline by i.t. instillation and euthanized 12-96 h later. In selected experiments, mice were treated with 1.25 mg ICG-001 (manufactured as previously described in Ref. 15 ) in 28 l DMSO or 28 l DMSO subcutaneously 2 h after KC treatment. Bronchoalveolar lavage (BAL) cell counts were performed as previously described (53) . Albumin (Bethyl Laboratories) and WISP1 (R&D) ELISAs were performed on BAL fluid. Lungs were frozen in liquid nitrogen, and RNA was isolated using the mirVana miRNA Isolation Kit (Invitrogen).
Real-time PCR. RNA was reverse transcribed into cDNA using the Quantitect Kit (Qiagen) according to the manufacturer's instructions. cDNA was analyzed by qPCR using primers for hCyr61: 5=-CCC GTT TTG GTA GAT TCT GG-3= and 5=-GCT GGA ATG CAA CTT CGG-3=; hHHPRT: 5=-TGC TCG AGA TGT GAT GAA GGA G-3= and 5=-TGA TGT AAT CCA GCA GGT CAG C-3=; and hWISP1: 5=-GTA TGT GAG GAC GAC GCC AAG-3= and 5=-GGC TAT GCA GTT CCT GTG CC-3=. TaqMan probes (mWISP1: Mm00457574_m1; mCyr61: Mm00487498_m1; m18S: Mm03928990; mGUSB: Mm00446956_m1) were purchased from Assays-on-Demand (Applied Biosystems). qPCR was performed for 40 cycles on the CFX96 (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad) or Amplitaq Gold (Applied Biosystems). Relative mRNA expression levels were calculated using the 2 Ϫ⌬⌬Ct method (43). Statistical analysis. Data are expressed as means Ϯ SE. Data were analyzed from n Ն 4 independent experiments; in vitro experiments were performed in duplicate or triplicate. Statistical analysis was performed by Student's paired or unpaired t-test or Wilcoxon signedrank test where indicated. Multiple comparisons were performed by one-or two-way ANOVA with Tukey or Bonferroni (post hoc) test for determination of differences between groups. For the neutrophil transmigration wound repair assays, statistical analysis was performed on the area of denudation at 48 h after migration, expressed as a percentage of the area of initial injury at 24 h, with the treatment group expressed as a percentage of the control group for each experiment. P Ͻ 0.05 was considered significant. GraphPad PRISM software was used for all statistical calculations.
RESULTS

Inflammatory injury followed by repair of the lung epithelium in vitro and in murine models.
To model the events occurring during an acute inflammatory response in the lung, human neutrophils were induced to transmigrate across monolayers of human lung epithelial (Calu-3) cells in the physiological basolateral-to-apical direction by a gradient of the chemoattractant fMLP. Neutrophil transmigration induced a decrease in TER (Fig. 1A ) and the formation of discrete circular areas of epithelial denudation (microinjury) in the epithelial monolayer (Fig. 1, B and C) . Over the ensuing 96 h, TER returned to baseline (Fig. 1A) , and the defects in the monolayer re-epithelialized ( Fig. 1 , B and C), signifying repair of the injured epithelium. To determine the contribution of cell spreading and proliferation to re-epithelialization, neutrophils were induced to transmigrate across epithelial monolayers as described above. After 30 h, the epithelial cells were labeled with BrdU for 2 h, fixed, and stained with anti-BrdU antibodies or phalloidin. Epithelial cells at the wound edge did not exhibit evidence of increased proliferation ( Fig. 1D ) but did demonstrate enhanced F-actin staining in the leading edge of cells migrating into the denuded area (Fig. 1E ). During the period of wound repair, internuclear distances between cells contiguous to the wound were greater than between cells distant from the wound (Fig. 1F) , indicative of cell spreading. Inhibition of cytoskeletal assembly with cytochalasin D (60) delayed wound closure (Fig. 1G ). By contrast, there was no effect on reepithelialization of the monolayers in response to treatment with mitomycin ( Fig. 1H) , which effectively inhibited cell proliferation (Fig. 1I ). Taken together, these observations suggest that, in this model system, closure of the epithelial wounds occurs primarily by cell spreading.
To assess the effects of neutrophil transmigration into the lung on epithelial permeability in intact animals, two murine models of neutrophilic inflammation associated with acute lung injury were used (45) . Intratracheal administration of LPS induced robust neutrophil influx into the airspaces. This was associated with increased lung permeability, as measured by increased albumin levels in BAL fluid, which decreased over 6 -8 days but did not return to baseline ( Fig. 2A) . In the second model, i.t. administration of the CXC chemokine KC induced a rapid and vigorous neutrophil influx and increased epithelial permeability as assessed by increased albumin levels in BAL fluid (Fig. 2B ). This was followed by a progressive decrease in BAL albumin levels over time to baseline (Fig. 2B) , signifying epithelial repair.
␤-Catenin/p300 signaling accelerates repair of the lung epithelium in vitro. Neutrophil transmigration across monolayers of cultured lung epithelial cells resulted in translocation of epithelial ␤-catenin from the intercellular junctions to the nucleus, particularly at the sites at which neutrophils penetrated the monolayer, leading to epithelial denudation (Fig. 3A) . In this system, we have previously shown that activation of ␤-catenin signaling plays an important role in epithelial repair (72) . Because the particular subset of ␤-catenin target genes expressed in a given context depends on the specific coactivator recruited to the ␤-catenin/TCF complex, we examined whether ␤-catenin/ p300-or ␤-catenin/CBP-dependent gene transcription mediates epithelial repair in this model. To assess this, we examined p300 expression and found that it was enhanced in the epithelial cells adjacent to the wounds (Fig. 3B) in the same cells that demonstrate increased nuclear ␤-catenin (Fig. 3C) . We next utilized ICG-001, a small molecule that enhances the ␤-catenin/p300 interaction at the expense of the ␤-catenin/CBP interaction and therefore selectively induces transcription of a subset of ␤-catenin target genes associated with ␤-catenin/p300 signaling (49). Twenty-four hours after neutrophil transmigration, at the peak of injury (Fig. 1, A-C) , ICG-001 was added to the epithelial monolayer. We observed that treatment with ICG-001, presumably via activation of ␤-catenin/p300 signaling, accelerated epithelial repair, as measured by return of TER to basal levels and re-epithelialization of the denuded monolayer (Fig. 3, D and E). To determine whether activation of the ␤-catenin/p300 pathway would also accelerate repair of the lung epithelium after mechanical injury, we used the scratch wound model. Immediately after the scratch wound was made, the monolayer was treated with ICG-001. As illustrated in Fig. 3F , treatment with ICG-001 also significantly accelerated wound healing after this mechanical injury.
␤-catenin/p300 signaling accelerates repair of the lung epithelium in murine models of ALI. Given that ␤-catenin/p300 signaling accelerates repair of injured lung epithelium in vitro, and because we have previously shown that inhibition of ␤-catenin/p300 signaling delayed repair of the alveolar epithelium in animal models (72), we investigated whether activation of ␤-catenin/p300 signaling with ICG-001 would accelerate repair after inflammatory injury in vivo. Because i.t. KC induces transient epithelial injury followed by repair, as demonstrated by complete resolution of permeability (Fig. 2B) , this model is ideal for evaluating factors that may modulate epithelial repair. In mice treated with i.t. KC, activation of ␤-catenin/p300 signaling via administration of ICG-001 accelerated epithelial repair, as assessed by the resolution of lung permeability (Fig. 4) . Notably, ICG-001 did not affect the magnitude of initial lung injury, as measured by initial permeability (data not shown).
WISP1 is a ␤-catenin/p300 target gene. Having established that ␤-catenin/p300 signaling accelerates repair of the lung epithelium after inflammatory injury in vitro and in vivo, we sought to determine which target genes mediate this effect. Based on the results of a recent genome-wide microarray, which revealed that neutrophil transmigration results in a 39.5-fold increase in epithelial expression of WISP1 (Fig. 5A ) (72), a ␤-catenin target gene (65) known to promote cell survival (63) , migration (29) , and proliferation (38), we hypothesized that WISP1 mediates the reparative effects of ␤-catenin/p300 signaling. Accordingly, we examined whether . F: at 30 h after migration, epithelial monolayers were fixed and stained with DAPI. Fixed monolayers were analyzed for internuclear distances. At 24 h after migration, epithelial monolayers were cultured with 1 g/ml cytochalasin (G) or 1 g/ml mitomycin (H). In G, area of denudation at 48 h is expressed as a percentage of the area of initial injury at 24 h, with the control group expressed as a percentage of the treatment group. Fluorescent images (ϫ2.5) were acquired at the specified time points, and the total cross-sectional area of epithelial defects in 5 randomly selected HPF was measured. I: Calu-3 cells were seeded into 24-well plates, treated with 1 g/ml mitomycin for 3 days, and trypsinized and counted. n Ն 4. *P Յ 0.05. Error bars represent SE.
activation of ␤-catenin/p300 resulted in increased WISP1 expression. Calu-3 cells were treated with ICG-001, and whole cell lysates were immunoblotted for WISP1. This analysis revealed significant upregulation of WISP1 protein levels (Fig.  5B ) in response to ␤-catenin/p300 activation. Expression of WISP1 and Cyr61 is increased in the lung epithelium in response to neutrophil transmigration in vitro and is further increased by ␤-catenin/p300 activation. To determine the contribution of ␤-catenin/p300-regulated WISP1 or Cyr61 to epithelial repair after inflammatory injury, we induced neutrophils to migrate across lung epithelial cells cultured on Transwell inserts and analyzed subsequent responses in the epithelial cells in the presence or absence of ICG-001. Neutrophil transmigration resulted in an increase in WISP1 and Cyr61 mRNA and protein expression in Calu-3 cells (Fig. 6, A and C) (72) and primary cultures of human small airway epithelial cells (SAEC) (Fig. 6, B and D) . Enhancement of ␤-catenin/p300 signaling with ICG-001 resulted in a further increase in expression of WISP1 and Cyr61 in response to neutrophil transmigration (Fig. 6E) . Conversely, shRNA knockdown of ␤-catenin (72) attenuated WISP1 upregulation in response to neutrophil transmigration (Fig. 6F) , demonstrating that WISP1 expression under these conditions was ␤-catenin dependent. Notably, although activation of ␤-catenin/p300 signaling or knockdown of ␤-catenin affected WISP1/Cyr61 expression throughout the monolayer, the effect was especially pronounced at the sites of neutrophil penetration and injury (Fig. 6, C, E, and F) .
Neutrophil elastase increases WISP1 expression in the lung epithelium. To determine whether neutrophil elastase mediates the upregulation of WISP1 in response to neutrophil transmigration, we treated primary human SAEC with purified human neutrophil elastase. Elastase resulted in increased expression of WISP1 (Fig. 7A) . Because ␤-catenin-dependent transcriptional events have previously been shown to result from proteasemediated cleavage of E-cadherin from the apical junctional complexes (28, 47, 48), we explored whether cleavage of junctional E-cadherin by elastase might contribute to enhanced WISP1 expression. After neutrophil transmigration across SAEC, apical supernatants were concentrated and analyzed by immunoblotting using an antibody that recognizes the extracellular domain of E-cadherin. As demonstrated in Fig. 7B , neutrophil transmigration resulted in cleavage of an ϳ50-kDa extracellular fragment of E-cadherin.
WISP1 is upregulated in the lung epithelium in response to neutrophil transmigration in animal models. Having determined that WISP1 is upregulated in the lung epithelium in response to neutrophil migration in vitro, we sought to determine whether expression of WISP1 was increased in animal models of lung injury. Because i.t. LPS results in a prolonged period of inflammation and injury and therefore would be likely to be accompanied by a measurable increase in modulators of repair, we assessed whether treatment with i.t. LPS resulted in increased expression of the CCN proteins. We observed that neutrophil transmigration in response to i.t. LPS induced upregulation of WISP1 mRNA levels in the lung, as measured by qPCR of whole lung extracts (Fig. 8A ) and WISP1 protein levels in the BAL, as measured by ELISA (Fig.  8B ). There was a trend toward upregulation of Cyr61 mRNA in response to neutrophil transmigration that did not achieve statistical significance (Fig. 8A) .
WISP1 and Cyr61 play a role in repair of the lung epithelium after inflammatory injury in vitro.
Because ␤-catenin/ p300 signaling regulates repair of the lung epithelium after neutrophil-mediated injury, and neutrophil transmigration resulted in the upregulation of WISP1 and Cyr61, likely via ␤-catenin/p300 signaling, we sought to determine whether the role of ␤-catenin/p300 signaling in repair of the lung epithelium was mediated by the CCN proteins. Epithelial monolayers were treated with rhWISP1, rhCyr61, or a neutralizing antibody to Cyr61 at 24 h after migration. We observed that rhWISP1 (Fig. 9A ) and rhCyr61 (Fig. 9B ) accelerated repair of the lung epithelium, as measured by re-epithelialization of the denuded monolayer or return of TER to baseline, respectively. Conversely, inhibition of Cyr61 with a neutralizing antibody prevented epithelial repair as assessed by recovery of TER (Fig. 9C ).
DISCUSSION
Epithelial injury is central to the pathogenesis of diverse inflammatory lung diseases and may be in part attributable to neutrophil-mediated cytotoxicity during transmigration across the epithelium (73) . Importantly, timely repair of the injured epithelium is critical to the clinical outcomes in these diseases (13, 68) . We previously reported that ␤-catenin signaling is important for repair of the lung epithelium after inflammatory injury (72) , but the ␤-catenin target genes that mediate this effect were not identified. In the present study, we examined whether enhancing ␤-catenin/p300 signaling can accelerate epithelial repair and whether this effect is mediated by the CCN proteins WISP1 and Cyr61. Herein, we demonstrate that activation of ␤-catenin/p300 signaling, using the small molecule compound ICG-001, accelerates repair of the lung epithelium after neutrophil transmigration both in vitro and in animal models. Furthermore, we provide supporting evidence that WISP1 and Cyr61 expression are ␤-catenin/p300 dependent, that neutrophil transmigration or purified neutrophil elastase upregulates WISP1 and Cyr61 expression, and that WISP1 and Cyr61 accelerate repair of the lung epithelium and the resolution of permeability. In sum, our data suggest that during neutrophil transmigration, elastase-mediated cleavage of E-cadherin is associated with release of junctional ␤-catenin and increased nuclear ␤-catenin that binds to the transcriptional coactivator p300 and induces expression of WISP1 and Cyr61, which play a role in epithelial repair. These observations have important clinical implications for inflammatory lung diseases, such as ALI and COPD (13, 68) .
The data presented here, together with our previous work, support the novel concept that neutrophils, although capable of inducing epithelial injury under certain circumstances, paradoxically can also activate reparative pathways. This phenomenon has been described in the lung and other organs in an emerging literature (1, 9) . Our work suggests that neutrophil transmigration activates ␤-catenin signaling via elastase-mediated cleavage of E-cadherin, with consequent destabilization of the cadherin-catenin complex, leading to an increase in nuclear ␤-catenin (72) and upregulation of the CCN proteins. During transepithelial neutrophil migration, the membranes of migrating neutrophils and adjacent epithelial cells form a protected space in which neutrophil proteinases can attain high concen- Fig. 3 . ␤-Catenin/p300 signaling accelerates repair of the lung epithelium after inflammatory injury and mechanical wounding in vitro. Neutrophils were induced to migrate across Calu-3 (A-C) or Calu-3-GFP (D and E) cells for 90 -120 min. At 24 h after migration, the epithelial monolayer was fixed and stained for active ␤-catenin (A) or p300 (B) or active ␤-catenin and p300 (C). Arrows indicate nuclear ␤-catenin and/or p300. Boxed region indicates the area magnified in the inset (right). D and E: ICG-001 was added to the culture media at 24 h after migration, as described in MATERIALS AND METHODS. At the indicated time points, TER (D) was measured, and fluorescent images (ϫ2.5) (E) were acquired. The total cross-sectional area of epithelial defects in 5 randomly selected HPF was measured. Arrowheads indicate epithelial wounds. Area is normalized to control in each experiment. In these experiments, the media were changed at 24 h after migration to remove secreted growth factors, which likely prevented the TER from returning to baseline in the control samples. F: scratch wounds were made on confluent monolayers of Calu-3-GFP cells, followed immediately by the addition of ICG-001 to the culture media. The area of defect within a 5-mm 2 region centered on the intersection of the scratches was measured. *P Ͻ 0.05; n Ն 4. Error bars represent SE. B and D) , or Calu-3 cells (F) transfected with a nonsilencing shRNA or shRNA to ␤-catenin. E: ICG-001 (10 M) was added to the monolayer after migration. A and B: real-time quantitative PCR analysis of WISP1 or Cyr61 expression was performed on epithelial cDNA isolated 2 h after the end of migration. C-F: epithelial monolayers were fixed 28 h after migration and immunostained for WISP1 or Cyr61. E: fluorescence intensity was analyzed in the epithelial cells contiguous (C) to the denuded area and distant (D) from the sites of injury using ImageJ software. Arrows indicated enhanced epithelial WISP1 or Cyr61 expression at the sites of injury. *P Յ 0.05, n Ն 4. Error bars represent SE.
trations (54) , suggesting the possibility that proteinase-dependent signaling pathways might activate reparative responses in adjacent epithelial cells. In this context, it is notable that the activation of ␤-catenin and the upregulation of p300 and the CCN proteins are localized effects, restricted to the epithelial cells in closest proximity to the migrating neutrophils (Figs. 3,  A and B, and 6C) , which are presumably the cells responsible for repair. Similarly, ␤-catenin/p300 signaling induces CCN protein expression throughout the monolayer, but particularly at the sites of neutrophil transmigration (Figs. 5B, 6E) .
Our findings are consistent with the established role of ␤-catenin signaling and the CCN matricellular proteins in epithelial repair processes (30, 31, 33, 38) . Indeed, ␤-catenin and the CCN proteins are known to be involved in tissue repair after injury in various organs, including the lung, where they have been implicated in limiting injury and/or promoting repair in acute lung injury (2, 7, 14, 17, 30, 31, 64) and COPD (37, 75) . However, the effects of CCN proteins may be context dependent because WISP1 may enhance ventilator-induced lung injury via augmentation of macrophage proinflammatory responses (42) . Moreover, ␤-catenin (11, 35, 50, 74) and the CCN proteins (26, 38, 46) have also been implicated in EMT and fibrosis in the lung and other organs (62) although Cyr61 can also limit the fibrotic response by inducing cellular senescence (32) . As EMT may be defined more accurately as changes in morphology and motility rather than bona fide conversion of epithelial cells into fibroblasts (57) , our data demonstrating the role of ␤-catenin and the CCN proteins in cell spreading and migration are consistent with this literature. We speculate that acute neutrophilic inflammation triggers physiological cell spreading and migration of epithelial cells via ␤-catenin signaling involving CCN growth factors, whereas, in the setting of repetitive cycles of injury and repair, these same pathways become deregulated, resulting in an unchecked profibrotic response.
The CCN matricellular proteins exert their effects on cells via binding to integrins and heparan sulfate proteoglycans, thereby triggering intracellular signaling cascades that ultimately regulate cell survival, proliferation, migration, and spreading. As matricellular proteins, CCN proteins can also modulate the expression, activity, and bioavailability of other growth factors (10, 32) . Thus our data showing that WISP1 and Cyr61 are involved in epithelial repair are consistent with established properties of these proteins. The precise mechanisms by which WISP1 and Cyr61 promote epithelial repair, whether via cell spreading, proliferation, or reassembly of tight junctions (3, 13, 16) , and the identity of the specific integrins and intracellular signaling pathways through which these CCN proteins act is unknown and merits further investigation. However, inasmuch as the wounds in our in vitro model close by cell spreading rather than proliferation (Fig. 1) , which is consistent with other in vitro models of epithelial wound repair (5, 18, 19) , we hypothesize that WISP1 promotes re-epithelialization primarily via cell spreading and migration (Fig. 9A) , processes known to be regulated by CCN proteins (24, 29) . Cyr61 may be involved in reformation of the intercellular junctions after injury on the basis of the effects on recovery of TER but not re-epithelialization observed after treatment with rhCyr61-or Cyr61-neutralizing antibodies (Fig. 9, B and C) . The failure of Cyr61 to accelerate re-epithelialization of the denuded monolayer may reflect the complex biology of this protein, which has been shown to induce either survival and A: primary human SAEC were treated with 0.1 U/ml purified elastase for 1 h and then incubated in media for 2 h. Epithelial cDNA was analyzed by qPCR for WISP1. B: neutrophils were induced to migrate across SAEC for 90 min. Epithelial cell supernatants were harvested from the apical surface, concentrated by ultracentrifugation through a 10-kDa MW filter, separated by SDS/ PAGE, and immunoblotted with an antibody that recognizes the extracellular domain of E-cadherin (DECMA-1). *P Յ 0.05, n Ն 4.
proliferation or apoptosis and senescence depending on the context, cell type, and identity of bound integrins (41) . Finally, the CCN proteins also modulate inflammation (39), including immune cell migration (59), so complex bidirectional interactions likely exist between the epithelial cells, which express CCN growth factors in response to inflammatory injury, and the infiltrating inflammatory cells. In hematopoietic and embryonic stems cells, the ␤-catenin/ p300-dependent gene expression profile initiates cell differentiation, whereas a switch to ␤-catenin/CBP-mediated gene expression leads to self-renewal and the maintenance of pluripotency (49, 56) . In the lung epithelium, previous studies have suggested that ␤-catenin/p300 signaling may be responsible for the proper termination of cell proliferation with accelerated differentiation, whereas aberrant CBP coactivator usage results in improper repair and the development of pulmonary fibrosis (27) . The results herein, showing that ␤-catenin/p300 signaling enhances cell spreading, support this paradigm, as cell differentiation includes the spreading of a cuboidal ATII cell into a flattened ATI cell during repair. If pathways activated by acute neutrophilic inflammation enhance physiological epithelial repair (via p300) and avert pathological responses (via CBP), neutrophil-dependent responses could be exploited pharmacologically to treat, not only acute inflammatory diseases, but also chronic fibrotic diseases of the airways and parenchyma that are characterized by dysfunctional epithelial repair.
WISP1 is known to be regulated by ␤-catenin binding to either TCF or CREB sites on the WISP1 promoter (66, 70) , and our data suggest that WISP1 expression is regulated by the ␤-catenin/p300 transcriptional complex. We speculate that, in response to neutrophil transmigration or treatment with ICG-001, which liberates transcriptionally active ␤-catenin from CBP, ␤-catenin complexes with p300 and TCF and/or CREB, and this complex binds the WISP1 promoter and induces WISP1 expression.
Epithelial denudation due to neutrophil transmigration in our model is likely attributable in part to apoptosis of epithelial cells (22) , consistent with observations in other models of inflammatory lung injury (51) . It is possible that injured or even apoptotic cells at the site of neutrophil transmigration A: fluorescent images (ϫ2.5) were acquired at the specified time points and the total crosssectional area of epithelial defects in 5 HPF was measured. Area is normalized to control in each experiment. Arrowheads indicate epithelial wounds. B and C: TER was measured. In these experiments, the media were changed at 24 h after migration to remove secreted growth factors, which likely prevented the TER from returning to baseline in the control samples. *P Ͻ 0.05; n Ն 4. Error bars represent SE. may signal to more distant surviving cells via calcium waves or paracrine mediators, as has been previously demonstrated (4, 58) , responses that could effectuate repair. As the CCN proteins are known to regulate apoptosis (41, 63) , an additional mechanism by which they might regulate wound repair is via decreased apoptosis of epithelial cells at the wound edge, an established mechanism for differential wound repair (20) . Although neutrophil transmigration induces epithelial cell death and denudation of the epithelium in our models, the stimuli used (1 M fMLP in vitro or 1 g KC in vivo) are relatively modest, and the injury induced is relatively mild and repairs rapidly. The role of ␤-catenin and the CCN proteins in repair of the epithelium after more severe injury in response to other pathological stimuli such as live bacteria or acid aspiration is unknown and will be the subject of future studies in our laboratory. We anticipate that, during a more prolonged repair phase in response to more severe injury, epithelial cell proliferation and differentiation might be important mechanisms for re-epithelialization and that the CCN proteins might play an important role in these processes.
With regard to repair of the alveolar epithelium in ALI, the classic paradigm has been that, after death of susceptible ATI cells, surviving ATII cells spread into denuded areas, proliferate, and eventually differentiate into ATI cells to restore a normal alveolar epithelium (3, 16, 57) . It is likely that progenitor cells also give rise to new ATII cells after injury (8, 34, 40) . Recent in vitro studies reveal that ATI cells may be capable of spreading, migration, and proliferation (23), suggesting that they may also play an active role in repair. If ATI cells do play a role in alveolar repair, studies should be undertaken to determine whether ␤-catenin/CCN signaling is involved.
One limitation of the present work is the use of Calu-3 cells, which are a neoplastic airway cell line. However, these cells are able to form robust tight junctions and generate TER and are thus useful in the study of the mechanisms of epithelial injury and repair. Importantly, we have confirmed key findings in primary human SAEC, and our previous work suggests that the biological behavior of the Calu-3 cells in our model is similar to that of primary alveolar epithelial cells both in vitro and in animal models (72) .
In conclusion, we have provided strong evidence that neutrophil transmigration across the lung epithelium induces ␤-catenin/p300-mediated expression of the CCN growth factors WISP1 and Cyr61, perhaps via elastase-mediated cleavage of E-cadherin, leading to an increase in nuclear ␤-catenin, and that this pathway is critical to repair of the injured epithelium. On the basis of our work, we propose that neutrophils, while inducing epithelial injury, simultaneously promote reparative pathways. Our data are consistent with the established role of ␤-catenin and the CCN growth factors in cell survival, spreading, and proliferation. Importantly, epithelial repair after injury is critical to clinical outcomes in many lung diseases (13, 67, 69) , and clinical trials of agents targeting ␤-catenin/p300 signaling (ClinicalTrials.gov NCT01302405) and CCN proteins (44) have demonstrated safety and plausibility. If pathways activated by acute neutrophilic inflammation enhance physiological repair and impede pathological responses of the epithelium, these pathways are promising therapeutic targets not only to accelerate the resolution of lung permeability in acute inflammatory diseases such as ALI but also to mitigate dysfunctional epithelial repair and progressive fibrosis in diseases such as COPD and pulmonary fibrosis.
